The organosilicon compounds octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5), and dodecamethylcyclohexasiloxane (D6) are high production volume chemicals that are widely used in household goods and personal care products. Due to their prevalence and chemical characteristics, cyclic siloxanes are being assessed as possible persistent organic pollutants. D4, D5, and D6 were measured in indoor and outdoor air to quantify and compare siloxane concentrations and compound ratios depending on location type. Indoor air samples had a median concentration of 2200 ng m -3 for the sum of D4, D5, and D6. Outdoor sampling locations were over Lake Michigan near Chicago, downtown Chicago, Cedar Rapids, IA, and West Branch, IA, and had median sum siloxane levels of 300, 280, 73, and 29 ng m -3 respectively. A diurnal trend is apparent in the samples taken in downtown Chicago. Nighttime samples had a median 2.7 times higher on average than daytime samples, which is due, in part, to the fluctuations in the height of the planetary boundary layer. D5 was the dominant siloxane in both indoor and outdoor air. Ratios of D5 to D4 averaged 91 and 3.2 for indoor and outdoor air respectively.
INTRODUCTION

Background
Siloxanes are anthropogenic chemicals used in personal care and household products, and in the production of the silicon polymer polydimethylsiloxane (Horii and Kannan, 2008) . Siloxanes in cyclic, linear, and/or polymer forms are used in an extremely wide range of applications, including antifoaming agents, automotive care products, and as coatings and sealants in construction. The primary use of the cyclic siloxanes, octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5), and dodecamethylcyclohexasiloxane (D6) ( Figure 1 ) are as main ingredients in personal care products (Kaj et al., 2005) . The cyclic siloxane compounds (commercial name cyclomethicone) are valued as solvents or carriers in personal care products because of their inert, odorless, and colorless qualities in addition to their volatility and smooth feel.
In a recent survey of siloxanes in personal care and household products D4, D5, and D6
were found in more than 50% of the items analyzed (Horii and Kannan, 2008) . In a similar study that measured siloxane levels in personal care products only, cyclic siloxanes made up as much as 68% of the total product mass (Wang et al., 2009 ). D4, D5, and D6 are categorized as high production volume chemicals (greater than 1 million pounds produced or imported annually in the U.S.) (Canada, 2008a, b, c) .
Rationale and Study Objectives
Cyclic siloxanes are of concern because of their high rate of use and their physical properties (Howard and Muir, 2010) . They are extremely volatile, have a relatively long half-life in air, and a high K ow (Table 1) (Kaj et al., 2005) . Accordingly, D4, D5, and D6
were recently identified as substances requiring further study because of their potential for long range transport and bioaccumulation (Howard and Muir, 2010) . Since then, several studies have demonstrated that D4 and D5 do accumulate in aquatic organisms in the environment (Kierkegaard et al., 2011; Borga et al., 2012) .
Environmental risk assessments have been conducted for cyclic siloxanes in
Canada (Canada, 2008a, b, c) , the UK (Brooke et al., 2009a, b) , Sweden (Kaj et al., 2004) , and for a consortium of Nordic countries (Kaj et al., 2005) . The assessment of siloxanes in the Nordic environment focused on measurements of siloxane concentrations in a number of different media. Siloxanes were found to be ubiquitous in the environment, with measurable amounts in nearly all media analyzed, including air, water, sediment, sludge, and biota, with D5 found predominantly (Kaj et al., 2005) . The screening assessment conducted by Environment Canada did not include environmental concentrations, but based on fugacity modeling and a review of studies relating to environmental toxicology, they concluded that D4 and D5 are "…entering or may be entering the environment in a quantity or concentration or under conditions that have or may have an immediate or long-term harmful effect on the environment or its biological diversity" (Canada, 2008a, c) .
Furthermore, D4 was recently included in a list of 18 chemicals to be reviewed by the U.S. EPA in 2013 and 2014 (C&EN, 2012) . The evaluation will determine whether or not the compound should be regulated under the Toxic Substances Control Act (C&EN, 2012) . If regulation is to be considered, then it is important to learn more about the sources and distribution of siloxanes in the environment. Publications of indoor air measurements which could aid in source identification are especially lacking. Currently, three indoor (Shields et al., 1996; Yucuis et al. 2013; Xu et al., 2012) and eight outdoor air studies have been published (Wang et al., 2001; Kierkegaard and McLachlan, 2010; McLachlan et al., 2010; Cheng et al., 2011; Genualdi et al., 2011; Krogseth et al., 2012; Buser et al., 2013; Krogseth et al., 2013; Yucuis et al., 2013) . Several studies have been conducted that have modeled concentration distributions of one or more of the cyclic siloxanes (Mueller et al., 1995; McLachlan et al., 2010; Navea et al., 2011) . However, increased monitoring is necessary in order to more accurately assess the influence siloxanes may have on humans and the environment. This is especially key in areas of high population density (i.e. Chicago) where emissions of anthropogenic compounds are much higher, and therefore the probable impact on the local population and environment will be correspondingly high (i.e. Lake Michigan).
The purpose of this work is to measure and compare concentrations of D4, D5, and D6 in outdoor air in areas with varying population densities, as well as determine indoor concentrations and provide an estimate for per-person emissions of cyclic siloxanes. Concentrations, emissions, and compound ratios will be contextualized through a discussion of current modeling and measurement data for siloxanes in air. Photos of the IIT sampling location are shown in Figure 2 . During the fourth week of September 2010, three samples were collected over Lake Michigan from onboard the U.S. Environmental Protection Agency's R/V The Lake Guardian using a preliminary method ( Figure 3 ).
Sampling and Extraction Method
Air sampling was conducted by drawing air through an extraction cartridge using a diaphragm pump (GAST MAA-V109-HD) connected with polyethylene tubing (Watts 1/4" OD, .170" ID) . Tubing was connected to the pump and flow meter by Swagelok brass fittings. The SPE cartridges were attached to the tubing using Swagelok fitting and hose clamps as shown in Figure 4 . Two lines were used in order to have duplicates for each sampling period, and the flow rates for each line were measured separately ( Figure 5 ). Flow rates varied from 3 to 6 liters per minute and
were measured with Toptrak mass flow meters (822-2-OV1-V1 and 822-2-OV1-PV1-V1). One flow meter did not include a volume totalizer, so flow rate and time were recorded with a USB data logger from Lascar Electronics (EL-USB-3 hours in order to ensure that detectable masses accumulated ( Table 2, 3) . After sampling, the cartridges were wrapped in aluminum foil and stored in glass amber jars in a cooler or freezer until extracted. The extraction process involved running approximately 1.5 mL of n-hexane through the SPE cartridge directly into a GC vial. For the cartridges used on Lake Michigan, the samples were eluted with three aliquots and analyzed separately, although the target compounds appeared in only the first two eluents. Internal standard tetrakis trimethyl-siloxysilane (M4Q, 100 ng) was then added to each vial.
Instrumental Analysis
The samples were analyzed on a Hewlett Packard gas chromatograph mass spectrometer (HP 5973) in select ion monitoring mode. Figure 6 ).
Quality Assurance/Quality Control
All glassware was combusted overnight at 450⁰F before use. Temperaturesensitive sampling components were triple-rinsed with pesticide grade methanol, hexane, and acetone. SPE cartridge cleaning practices entailed soaking the cartridges overnight in n-hexane followed by a run-through three times with dichloromethane and three times with n-hexane before drying with a nitrogen stream. Cartridges were then wrapped in aluminum foil and frozen. Use of siloxane-containing products was avoided on days when lab or field work was conducted. Normal use of personal care products was maintained on days prior to sampling because it was expected that the cyclic siloxanes would quickly volatilize after evaporation (Tokarczyk, et al.) .
The possibility of cartridge breakthrough, or siloxanes passing through the cartridge without being captured, was examined in three trials by sampling two cartridges in series (Table 4 ). The mass found in the backup cartridge was extremely low compared to the primary cartridge and was only slightly higher on average than the masses in method blank (Table 5 ). The method blank is n-hexane with internal standard added. Field blanks and duplicates were included with all the samples except for the five indoor air samples taken in 2011 (Lab1 -Lab4 and OfficeA) and the Lake Michigan samples (RV1-RV3). All remaining outdoor and indoor air samples had a field blank attached to a capped length of tubing installed alongside the sample cartridges for the duration of each sampling period. The overall average field blank mass for indoor and outdoor air was 3.2, 10, and 12 ng per cartridge for D4, D5, and D6 respectively. A field blank concentration was determined by dividing the mass of the field blanks for each site by the average volume sampled at each site. The average sampling volumes were 9.4, 7.1, 3.2, and 2.7 m 3 for West Branch, Cedar Rapids, Chicago, and indoors respectively. A specific limit of detection (LOD) and limit of quantification (LOQ) was then calculated for each combination of site and compound (Table 7) . The LOD was determined by the average of the field blank concentration plus three times the standard deviation, and the LOQ is the average plus ten times the standard deviation. The IIT LOD and LOQ were applied to the Lake Michigan samples because those samples did not include field blanks.
Duplicate samples exhibit an average relative percent difference of 13% for 34 sample pairs. The results were not blank corrected.
We found little evidence of decay or loss during storage. Krogseth et al. (2012) reported that D5 may convert to D4 within the cartridge during storage. We found that D4 concentrations were positively correlated with storage time (p = .023), but that D5 concentrations were not. There was no correlation between storage time and the ratio of D5/D4. Therefore, no corrections were made for storage, although we recognize that some D4 may be present due to transformation after sampling.
Boundary Layer Height
The 
RESULTS AND DISCUSSION
Indoor Air Concentrations
Indoor concentrations of individual cyclic siloxanes ranged from not detected (D4), to as much as 57,000 ng m -3 for D5 (Table 8) . High indoor air concentrations were expected because of the prevalence of siloxane-containing products and their subsequent accumulation in small indoor areas. Concentrations of D4 and D5 have been shown previously to be reflective of occupant density (Shields et al., 1996) . The influence of occupancy is best illustrated by the variation in D5 concentrations depending on the time of day the sample was taken (Figure 7) .
D5 is the dominant cyclic siloxane in indoor air, accounting for an average of 97% of the mass found in the fourteen samples. Interestingly, the only previous study of indoor air (conducted in 1991) reported levels of D4 that were on the same order of magnitude as D5 (Shields et al., 1996) . This difference from our study may be a reflection of formulation changes in personal care products over the last 20 years. Two recent studies of cyclic and linear siloxanes in common products report that D5 was the largest contributor to siloxane mass in the personal care items surveyed (Horii and Kannan, 2008; Wang et al., 2009 ). Based on product use profiles for women in the U.S., and the concentrations measured, Horii and Kannan estimated that the average use rate of 
Outdoor Air Concentrations
For outdoor air, the median concentrations of the cyclic siloxanes increased with population density (Table 9 ). The lowest concentrations were found in West Branch, IA with a median of 29 ng m -3 . Siloxane levels were slightly higher in Cedar Rapids at 73 ng m -3 , and the IIT concentrations were 280 ng m -3 . The siloxane levels determined over Lake Michigan had a median of 300 ng m -3 . Average sum concentrations were significantly different in Chicago compared to both Cedar Rapids and West Branch (pvalue = .005 and .012), with the Chicago median 4 and 10 times greater than Cedar Rapids and West Branch respectively.
Lake Guardian samples were not included in any statistical comparison due to the difficulty of detecting a significant difference with only three data points. It was not possible to conclude whether or not the lake data could be included in the Chicago data.
The concentrations measured over Lake Michigan are also not as trustworthy because a preliminary method was used that did not include field blanks or mass flow meters, and used a SPE cartridge of a different size with different media. The volume sampled was calculated by calibrating the pump once the flow meter was available. However, the levels over Lake Michigan are very similar to those found at IIT, which suggests that the method yielded accurate results.
A diurnal trend is apparent in the samples collected at the IIT site in Chicago. The samples were collected over consecutive 12-hour periods with cartridges exchanged at approximately 7 am and 7 pm daily. The trend is most clearly illustrated by the fluctuations in the compound with the highest concentrations, D5 (Figure 8 ). D5
concentrations were significantly different during the day versus the night (p = .0014) with a median concentration of 138 ng m -3 in the daytime, and 338 ng m -3 at night. D4 day and nighttime concentrations were also significantly different (p = .024), and the D6 concentrations were generally above the LOQ during the day, and below the LOD at night. This is contrary to what we would expect if the majority of the siloxane concentration comes from volatilization during morning or daytime personal care product use. The major degradation pathway for siloxanes is by hydroxyl radical (OH) attack, and concentrations of OH are higher in the presence of sunlight, which could explain, in part, the diurnal variation (Navea et al., 2011) . However, the predicted magnitude of the OH effect is small, ±10% of the mean concentration.
The effect of the variation in the average planetary boundary layer height on the day and nighttime concentrations was investigated with a regression analysis. D5
concentration was found to be significantly correlated with boundary layer height (p = .003, R 2 = 0.49). D4 concentrations were not significantly correlated with the height of the boundary layer, and the correlation of D6 concentrations with boundary layer height were not analyzed because of the number of samples that were below the LOQ. This analysis included all samples except for IIT6. No obvious explanation is apparent for the high concentrations found in sample 6, as the NAM boundary layer height was not particularly low for that nighttime sampling period, nor was any unusual activity observed that could have caused a spike in siloxane concentration. Nevertheless, sample 6 is an outlier, with a standardized residual of 3.52 so it was removed from the data set for the analysis.
A rough estimate of column abundance in the mixed layer was calculated by multiplying the sample concentrations by the boundary layer heights with the temporal averaging of boundary layer heights as described above. The daytime column abundances of D4 and D5 are higher than their nighttime abundances, with day/night ratios of 1.9 and 1.4, respectively. But the differences are not consistent enough to be statistically significant given the small sample size. The interpretation of this is that emissions occur throughout both the day and nighttime sampling periods; that the relative day and night emission rates remain uncertain; and that there is inconclusive evidence that daytime emission rates are larger than nighttime emissions.
Emissions from Indoor Air
Emissions were calculated using the data from the laboratory because sufficient information about the ventilation systems for Office B was not available. The laboratory however, is ventilated directly from an HVAC system that receives 100 percent outside air. Per person mass emission rates are therefore given by * 1
where E is the emission rate per person-day, Q is the volumetric flow rate of the ventilation system, and n is the number of occupants of the lab. Building design data constrain Q to between 775 and 2270 cubic feet per minute depending on laboratory hood use and heating or cooling requirements, and n ranges from 1 to 7 people. Table 10 contains information about each lab member's personal care product use. The flow rate and number of people, while not known exactly during the sampling periods, are varied across these bounds to give minimum and maximum values for E. As we do not have simultaneous measurement of C indoor and C outdoor , we approximate the C outdoor by the indoor nighttime concentration, when the room is not occupied and the indoor and outdoor concentrations should be equal.
Per-person emissions were calculated using equation 1 and the average day and nighttime concentrations found in the laboratory air. The minimum emission rate, using 7 people and a flow rate of 22 m 3 /minute for D4 and D5 is 0.0090 and 29 mg (person-day) -1 respectively. The maximum emissions rate (1 person and 64 m 3 minute -1 ) is 0.027 and 590 mg (person-day) -1 for D4 and D5. Because the sample involved a small n, it is not meant to be representative of population averaged emission rates. However, due to the potential for wider applicability of the method (using indoor air mass balance approaches to estimate emission rates) and the scarcity of per capita emission data, we report and compare the values here. The measured D5 emission rate (590 mg (person-day) -1 ) is within a factor of 3 of the value found by Horii and Kannan (230) and larger than the value used in modeling by Navea et al. (140) . This seems consistent with the higher outdoor measured concentrations (18-210 ng m -3 ) in this study when compared with the modeled concentrations by ) -which will be discussed further in the following section. ratios such as the benzene to toluene ratio (Warneke et al., 2007) , could be used to explore and exploit geographic patterns in siloxane ratios.
Conclusions
In this study we found that cyclic siloxane concentrations in outdoor air to be in the ng m -3 range and to vary diurnally. Concentrations in the indoor environments reached into the µg m -3 range, demonstrating that emissions from indoor air can be a significant contributor to outdoor air concentrations. The dominance of D5 mass (which is especially notable in indoor air) indicates that personal care product use is one of the primary sources of cyclic siloxanes to the environment. Comparisons between this study and others support the conclusion that the major aspects of degradation and transport of siloxanes in air are well understood. However, significant sources of uncertainty remain in the magnitudes, diurnal pattern, and compound ratios in emissions estimates, which is an area for further study. Figure 8 . Outdoor air concentrations for D5 at IIT in Chicago, IL along with average boundary layer heights for the corresponding sampling period. IIT1 was started on a Saturday morning, and all additional samples were taken at subsequent 12 hour increments. Primary (P) and duplicate (D) concentrations are provided. Table 10 . Gender and personal care product types regularly used by each laboratory member who used the Hornbuckle lab during the time air samples were taken. Names in parentheses are the ingredient name indicating the presence of a siloxane or silicon polymer mix. 
